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Abstract 
An analytical model of the keyhole for deep penetration welding is presented. Based on a pressure and energy equilibrium 
the initial keyhole radii in different depths are calculated depending on different incident beam intensity distributions. 
Multiple reflections are included by using a ray tracing method in a second step to improve calculation of the keyhole 
shape. A Gaussian and a top hat beam profile are used for evaluation and show similar resulting keyhole geometries and 
different pressure gradients. 
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1. Introduction 
Laser deep penetration welding became an industrially used process during the last decades. Due to the 
complex system the process is still not completely understood. If the intensity of the laser beam is high 
enough a so called keyhole is formed. The laser energy is not only absorbed by the keyhole walls but also 
reflected [1].  Reflected rays are partly absorbed and reflected again on the next area where striking the 
keyhole wall until the ray leaves the keyhole through its opening [2]. The ablation pressure built up by the 
vaporized material on the keyhole wall counteracts mainly against the surface tension pressure of the 
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surrounding material [3]. Due to instabilities in the melt pool and the keyhole caused by varying laser 
intensity values [4] or laser power instabilities [5] the welding process is highly dynamic.   
One way to get a better understanding of the process are experiments. Gao [6] was able to measure the 
keyhole diameter using a coaxial camera and Braun [7] implemented the camera in an optical detection for 
process monitoring. Resulting values for the diameter were slightly bigger than the incident beam diameter. 
Unfortunately these experiments cannot tell anything about the keyhole shape underneath the surface. A 
8] using thin metal sheets clamped between transparent material to 
observe the process of the metal inlay. Problem is the different behavior of the keyhole and the weld pool due 
to changed material parameters influencing e.g. the heat conduction. Observing keyholes in already 
transparent media like ice or water [9] makes basic effects visible. Differences in the material parameters to a 
metal welding process have to be considered. X-ray high speed video camera observations give first insight 
into the keyhole creation process and its shape. Approaches by Katayama [10] or Abt [11] show the keyhole 
shape but the desired accuracy is not yet reached.  
Another method to get a better understanding of the process is modeling. Ki [2] built a numerical model 
including all known physical effects taking place in the weld pool and keyhole including multiple reflections. 
With numerical models it is possible to get good, detailed results [12] but usually time steps have to be very 
small leading to high calculation times [13]. Analytical models are much faster. As e.g. solutions for the heat 
conduction equation for arbitrary shapes cannot be analytically solved simplifications are necessary. Kroos 
[3] and Klein [14] created an analytical, self-consistent model of the keyhole. Their model is based on solving 
the energy equation to obtain the surface temperature of the keyhole that is needed for the pressure equation to 
calculate the keyhole radius. Simplifications were necessary e.g. assuming a cylindrical keyhole for which a 
solution of the heat conduction equation is known. Also a complete penetration of thin sheets is assumed. 
Andrews and Attay [15] expanded the model to obtain different radii in different depths. Unfortunately their 
model cannot be used for dynamic calculations. 
Based on existing models an analytical model for deep penetration laser welding is presented that calculates 
the keyhole geometry depending on the incident laser beam intensity distribution. The initial keyhole shape is 
adapted by using a ray tracing method in a numerical subroutine. 
2. Keyhole modeling 
Based on models from Kroos [3] and Klein [14] a quasi-static analytical keyhole is modeled based on 
previous works of the author [16]. Depth of the keyhole must be predefined for calculating the initial triangled 
keyhole (Fig. 1) and is estimated from welding experiments. The keyhole is split in cylindrical sections in 
depth with same height (Fig. 1). The projected area of each element on the surface is taken to split the beam 
profile as well. The intensity for each ray is calculated by integration of the energy distribution over these 
projected areas. Energy losses of the rays due to metal vapor absorption (Avapor) occurring during penetration 
in the keyhole are added to the absorbed energy of the section where it is lost. 
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Fig. 1. Modeling keyhole radii in different keyhole elements
When striking the keyhole surface the incoming intensity of the ray is absorbed
between the keyhole wall normal vector and the ray vector. With the metal vapor absorption and the direct 
absorption on the keyhole wall (Fresnel absorption) the absorbed energy (qabs) in each element can be
calculated. Energy equation (1) includes the absorbed energy by laser energy absorption and energy losses
due to vapor losses (qvapor) and losses due to heat conduction (qcond). Keyhole wall temperature is the only
unknown variable in the energy equation [16].
vaporcondabs qqq (1)
Keyhole wall temperature resulting from the energy equation is used for calculating the pressure equation.
Radius in each element can be calculated independently by solving the pressure equation (2) getting the initial
keyhole geometry [16]. Pressure equation includes the surface tension pressure p of the surrounding melt
pool counteracting mainly against the ablation pressure ablp built up in the keyhole.
ablppp (2)
For a more accurate calculation the change of the beam profile in the caustic of the beam [17] is considered as 
well as the inclination of the keyhole. Inclination depends on the incoming energy and the energy losses in the
keyhole element.
For implementing multiple reflections a ray tracing method is used. The calculated quasi-static keyhole shape
vector and the intensity distribution on the keyhole wall after the first absorption are used as input parameters
for the multiple reflections subroutine. The single rays striking the 2D-keyhole are reflected on the wall. The
angle of incidence is calculated using the local keyhole wall angle . Depending on the angle of 
incidence the emergent angle can be calculated using methods from geometrical optics. When penetrating the
metal vapor in the keyhole the ray´s energy is reduced and the lost energy of the ray is added to the energy
absorbed in the element where it was lost.
keyhole wall and is absorbed and reflected again. The absorbed energy is part of the energy in this element. 
All incident rays are reflected through the keyhole like that until they leave the keyhole through its opening
and a new keyhole wall intensity distribution in depth is found.
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Based on the new intensity distribution the energy equation for each section can be recalculated. Resultant 
temperature values are used for finding new keyhole radii from the pressure equation. The multiple reflection 
subroutine is repeated until the radius changes in all elements are under a threshold value. 
3. Experiments 
For investigating the keyhole with an experimental method a tungsten foil inlay method is used to measure 
keyhole geometry in depth [16]. Tungsten foils of 0.1 mm thickness are used as inlays between thin base 
material sheets of 1 mm thickness. For the experiments aluminum alloy base material is used (AA6082). As 
can be seen in Fig. 2a tungsten foils are not placed upon each other to avoid the influence of the unwanted 
tungsten alloy in the weld pool. The staple is clamped before welding to reduce the gap between the single 
base material sheets.  Tungsten is supposed to only melt in the direct vicinity of the keyhole due to its high 
melting temperature (3695K) and its excellent heat conduction and it does not melt in the weld pool of the 
base material having an evaporation temperature of 2740 K. After welding cross sections are taken at the 
positions of the tungsten inlays (Fig. 2b). From the images of the cross sections keyhole diameter in different 
depths can be measured. Argon is used as shielding gas.  
 
 
 
(a) (b) 
 BIAS ID: 130053 
Fig. 2. Method to experimentally measure keyhole diameters in different depths including tungsten inlays in aluminum 
staple (a) and cross section analysis (c). 
4. Evaluation 
A Gaussian 
gsi  and a top hat thi intensity distribution are taken for evaluation of the model. The Gaussian 
profile along the radius r  is described in (3) considering different beam radii 0r  along the beam axis at the 
absorbed laser power 
absP . 
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Top hat profile can be described in equation (4) with  being the wavelength. As the top hat profile becomes a 
Gaussian-like profile along the beam axis the function is adapted in depth until a complete Gaussian beam is 
considered in the distance of one Rayleigh length. 
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Partial penetration welding at 4 kW laser power and a beam diameter of 0.56 mm at a velocity of 1 m/min is 
assumed. Aluminum alloy 6082 is used as welding material with parameters shown in table 1. 
 
Table 1. Material properties of aluminum AA6082 
 
Den  [g/cm2 ] 2.7 
Heat conduction cp [W/(m*K)] 235 
Heat capacity c [kJ/(kg*K)] 897 
Melting temperature Tm [K] 933 
Boiling temperature Tb [K] 2740 
Latent heat Hv ( of evaporation) [kJ/g] 10.9 
 [J/m2] 0.9 
Temperature dif  [m2/s] 40e-6 
 [1/m] 325 
 
 
In Fig. 3 beam caustics of two lasers are shown. Experiments are conducted using an IPG fiber laser 
(YLR8000S) providing a top hat intensity distribution (Fig. 3a) in the focal layer and a Trumpf rod laser 
(HL4006D) having a Gaussian-like intensity profile in the focal layer (Fig. 3b). Both the spot diameters are 
0.56 mm at a laser power of 4 kW. In addition intensity measurements of the beam along the beam axis are 
drawn showing the 2-dimensional intensity profile in each measured layer. The diameter of the beam as well 
as the intensity profiles change along the beam axis. At increasing beam diameters starting in the focal layer 
the top hat beam changes to a Gaussian-like beam within one Rayleigh length while the Gaussian-like beam 
keeps its shape. 
 
 
 
 
(a) (b) 
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Fig. 3. Measured intensity profiles along the beam axis and intensity distribution in the focal layer for (a) IPG fiber laser 
(YLR8000S) and (b) Trumpf rod laser (HL4006D) 
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5. Results and Discussion
The initial shape at the topmost part of the keyhole is calculated slightly bigger in the model for a Gaussian 
than for a top hat beam (Fig. 4). Numerical simulations by Leitz [18] of a pulsed laser drilling process show 
similar shapes like found here for Gaussian and top hat beams. During evolution of the drill hole a wider 
shape is formed for a top hat distribution. Due to the energy distribution by multiple reflections the shapes of 
the keyholes after including multiple reflections become more similar when using different beam profiles
(Fig. 5).
(a) (b)
BIAS ID: 123113
Fig. 4. Comparison of calculated keyhole shapes with and without including multiple reflections for a Gaussian-like (a) 
and a top hat (b) spatial laser intensity distribution.
When considering multiple reflections the absorbed energy is calculated higher. That leads to smaller keyhole 
diameters but to a higher heat input in the model. Both keyhole shapes show very small radii in the lower 
parts of the keyhole and a wider shape in the upper parts. The inclination is small due to the low welding
speed assumed.
BIAS ID: 130055
Fig. 5. Comparison of keyhole radii after multiple reflections for a top hat and a Gaussian beam profile
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Keyhole shapes are modeled and experimentally evaluated at different depths of the keyhole for a top hat 
beam (Fig. 6a) and a Gaussian-like beam (Fig. 6b). The experimental values of the keyhole radius are taken
from the tungsten inlay measuring in depth. The value on the surface is slightly bigger than the beam radius
and is taken from high-speed-video measurements of the surface. Both curves for both beam shapes show 
similar geometries. In the upper part of the top hat keyhole the model overestimates the radius while the 
measured keyhole curve using a Gaussian-like beam is almost identical when considering that due to the
experimental setup some tungsten will be melted around the keyhole leading to higher radius values in the
evaluation compared to the real shape of the keyhole. Tungsten has a melting temperature of 3695 K with a 
good heat conduction value and keyhole temperature is calculated to be in the range of 3000-5000 K for 
welding aluminum depending on the depth in the keyhole. It can be assumed that the radial reduction of the 
temperature from the keyhole wall to the melting temperature at the liquid-solid transition is linear. Then
temperature is not getting higher than melting temperature of tungsten in a depth of 0.15 mm. Melting of 
tungsten is assumed to reduce the length of the tungsten foil by no more than 0.15 mm due to the good heat 
conduction and the short time when energy is applied to the tungsten foil.
(a) Top Hat profile (b) Gaussian-like profile
 BIAS ID: 130056
Fig. 6. Modeled and experimentally measured keyhole shapes at a laser power of 4 kW and 1 m/min velocity for a top hat 
(a) and a Gaussian-like (b) intensity distribution.
Besides the keyhole geometry the radial pressure gradient is calculated. This value describes the pressure
change at a radius deflection. A higher gradient value leads to a higher pressure in the keyhole when assuming
the same deflection of the radius. As the pressure gradient at the keyhole wall is one of the influencing factors
on the dynamic behavior these are investigated in the model for both a Gaussian and a top hat beam (Fig. 7).
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BIAS ID: 130057
Fig. 7. Comparison of keyhole pressure gradients for a top hat and a Gaussian beam profile
At similar keyhole shapes pressure gradients are different using different beam profiles. Surface tension
pressure of the melt pool on the keyhole depends on the radius of the keyhole [3]. A bigger radius leads to
smaller values for the surface tension. The ablation pressure counteracts against the surface tension pressure
and is created inside the keyhole due to the vaporized material on the keyhole walls depending on the
temperature on the wall. As the top hat intensity profile has approximately the same intensity value within the
beam diameter (Fig. 3) a keyhole radius deviation should not lead to a significant change of the ablation 
pressure while the surface tension pressure changes with the radius. This leads to a big difference between
these two components at a radius deflection and to high values for the pressure gradient. The intensity value
of a Gaussian beam decreases with the beam radius (Fig. 3). Therefore the ablation pressure decreases while
the surface tension pressure decreases with the radius as well. The difference between the counteracting 
pressure values is lower and the pressure gradient smaller. 
A higher pressure gradient of the top hat profile should lead to a higher back pressure when the radius is
deflected from the equilibrium state. Therefore different dynamic behavior can be expected when using 
different beam profiles. Resulting pressure gradients can be used as input parameters for a future dynamic
investigation.
6. Conclusions
An analytical model of the keyhole including multiple reflections in a subroutine during laser deep 
penetration welding is presented. The influence of spatial laser intensity profiles on the resulting keyhole
geometry can be shown by observing keyhole shapes resulting from a Gaussian-like and a top hat distribution.
Calculation results show that different spatial laser intensity distributions lead to similar keyhole shapes due 
to similar energy distributions on the keyhole walls after multiple reflections but to different radial pressure
gradients. The top hat distribution leads to higher pressure gradient values leading to a higher back pressure to
the quasi-static state and presumably to a more unstable process. Experiments for measuring keyhole
diameters in different depths are conducted to estimate keyhole shapes after welding aluminum AA6082 using
tungsten inlays. Measured and modeled keyhole shapes show similar tendencies.
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